The effects of mandibular distraction on the mandible and its surrounding tissue remain to be clarified. Here, we used a 3-dimensional finite-element method to investigate the effects of unilateral horizontal lengthening of the mandibular body and vertical lengthening of the mandibular ramus on the mandible and temporomandibular joint (TMJ). With horizontal loading that assumed mandibular body lengthening, tensile and compressive stresses were great near the anterior region of the mandibular angle (the loading area). With vertical loading that assumed mandibular ramus lengthening, tensile and compressive stresses were great at the center of the mandibular ramus (the loading area). Under both loading conditions, stress distribution in the TMJ was greater on the loading side than on the non-loading side. With mandibular body lengthening, the center of the mandible deviated in the direction of the non-lengthened side to widen the mandible in the lateral direction. With mandibular ramus lengthening, the occlusal plane tilted in the inferior direction on the lengthened side. In the TMJ, stress was greatest on the affected side during mandibular ramus lengthening, suggesting the need to consider the mandibular condyle on the affected side during this procedure.
Introduction
Distraction osteogenesis was developed by Ilizarov 11, 12) in the 1960s, and by the early 1990s it was beginning to be used in facial surgery.
When compared to conventional mandibular surgery, this method of bone lengthening in the treatment of hypoplastic mandibular ramus due to hemifacial microsomia 23) and bilateral mandibular distraction in the treatment of micrognathia 20) is less invasive and can be performed before the end of the growth period, thus reducing psychological stress 13) . Moreover, smaller screws that can be placed in the oral cavity have recently been made, and such screws are being more widely used 14, 22) . Therefore, various studies are being performed to ascertain the effects of bone lengthening on the surrounding tissue and examine the direction and design of lengthening screws 21) . While studies investigating clinical cases and bone lengthening mechanisms are relatively numerous, few 3-dimensional biomechanical studies have been published, and the effects of mandibular distraction on the mandible and its surrounding tissue remain to be clarified. Here, we utilized a 3-dimensional finite-element (FE) method to ascertain the effects of unilateral horizontal lengthening of the mandibular body and vertical lengthening of the mandibular ramus on the mandible.
Materials and Methods

Preparation of a finite element model
Using a dried human skull with normal permanent dentition, the 3-dimensional coordinates of the external bone surface were measured to construct a model. Variables included bones (mandible, temporal bone, zygomatic arch, and sphenoid bone), muscles (masseter, temporalis, and medial pterygoid), teeth, periodontium and articular capsules. In addition, by defining the masseter muscle, suspension of the mandible was reproduced. As to the internal structure of the mandible, a 3-dimensional model was constructed based on tomographic scans and cortical bone thickness and cancellous bone distribution as ascertained by previous studies on internal mandibular structures ( Fig. 1 ). Furthermore, the temporomandibular joint (TMJ) disk was recreated between the mandibular fossa and condyle (Fig. 2) . The model consisted of 6,943 nodes and 29,708 elements. The material multiplier for each component was determined based on previous reports 7, 16, 31) (Table 1 ). 
Loading and restraint conditions
Loading assumed two techniques for bone lengthening, i.e., unilateral mandibular body lengthening and mandibular ramus lengthening. In mandibular body lengthening, the cortical bone of the left side of the mandibular body was cut to a width of 3 mm and removed vertically on the buccolingual side, and, a 1 kg load was applied horizontally in the occlusal plane from the buccal side in opposite directions ( Fig. 3 ). In mandibular ramus lengthening, the cortical bone of the left mandibular ramus was cut to a width of 3 mm and removed horizontally, and a 1 kg load was applied vertically in the occlusal plane from the buccal side in opposite directions ( Fig. 4 ). The junction between the upper surface of the mandibular fossa and the temporal, zygomatic and sphenoid bones were completely restrained, as was upward movement of the occlusal surface.
Using the Ansys 5.2 finite-element analysis software, changes in relation to initial loading were investigated in terms of maximum and minimum principal stress distributions in the external bone surface and mandibular condyle.
Results
Principal stress distribution in the external bone surface 1) Loading by mandibular body lengthening
With mandibular body lengthening, tensile stress was greatest near the anterior region of the mandibular angle (the loading area) and weakened with distance from the loading area. On the non-loading side, tensile stress was minimal. Moreover, tensile stress was seen on the internal surface of the mandible, rather than the external surface ( Fig. 5 ). Maximum principal stress was greatest at the anterior loading area (0.108 MPa). Compressive stress was greatest near the anterior region of the mandibular angle (the loading area) and weakened with distance from the loading area. In addition, compressive stress was seen on the external surface of the mandible, rather than the internal surface ( Fig. 6 ). As with maximum principal stress, minimum principal stress was greatest at the anterior loading area ‫370.0מ(‬ MPa).
2) Loading by mandibular ramus lengthening
With mandibular ramus lengthening, tensile stress was greatest at the center of the mandibular ramus (the loading area) and weakened with distance from the loading area. On the non-loading side, stress was placed in the posterior region of the cervical area of the mandibular condyle. Moreover, tensile stress was seen on the internal surface of the mandible, rather than the lateral surface ( Fig. 7 ). Maximum principal stress was greatest at the medial side of the loading area in the inferior direction (0.080 MPa). Compressive stress was the greatest at the center of the mandibular ramus (the loading area) and weakened with distance from the loading area. Furthermore, on the non-loading side, Compressive stress maps of loading by mandibular ramus lengthening in the mandibular condyle stress distribution was seen on the external surface, in particular, the center and notch of the mandible (Fig. 8 ). Minimum principal stress was highest at the loading area in the inferior direction ‫141.0מ(‬ MPa).
Principal stress distribution in the mandibular condyle 1) Loading by mandibular body lengthening
Enlarged principal stress distribution maps of the loading and non-loading sides in the condyle are shown in Figs. 9-12. In addition, because the stress applied to the joint was smaller than that applied to the external bone surface, we have made stress distribution easier to understand by altering the graduation scale.
On the loading side, tensile stress was distributed around the upper surface of the articular process, and was concentrated in the anterior to internal regions. On the non-loading side, a similar distribution was seen, but stress was lower (maximum principal stress: 0.129e-3 MPa) ( Fig. 9 ). The compressive stress maps show that while compressive stress was not seen overall, it occurred from the posterior to lateral regions on the loading side and at the anterior and posterior internal surface on the non-loading side (minimum principal stress: ‫251.0מ‬e-3 MPa) ( Fig. 10 ).
2) Loading by mandibular ramus lengthening
With mandibular ramus lengthening, tensile stress was distributed strongly in the posteromedial direction on both the loading and non-loading sides, but it was stronger on the loading side (maximum principal stress: 0.183e-2 MPa) ( Fig. 11 ). On both loading and non-loading sides, compressive stress was generally strong, except for in the posterior region, and was particularly strong in the anterior region. However, it was slightly stronger on the loading side when compared to on the non-loading side (minimum principal stress: ‫349.0מ‬e-3 MPa) ( Fig. 12 ).
Discussion
Bone lengthening
Distraction osteogenesis was developed by Ilizarov, a Russian orthopedic surgeon, in the 1960s 11, 12) . The technique was applied in facial surgery in 1992 by McCarthy et al. 20) In facial surgery, distraction osteogenesis has been performed for bone lengthening in the treatment of hypoplastic mandibular ramus due to hemifacial microsomia 23) and for bilateral mandibular distraction in the treatment of micrognathia. These procedures were initially performed using externally fixed distraction devices 20) . However, intraoral distraction devices became widely available in Japan from 1996 4) , and once this technique was recognized as a surgical option in the treatment of mandibular deformity, its indications expanded 5, 14) . Mandibular distraction is less invasive than mandibular surgery, and since it can be performed before the end of the growth period, it also enables psychological stress to be reduced 25) . Moreover, when compared to surgical transfer of the mandible in the anterior direction, the degree of lengthening is greater for mandibular distraction, while the degree of retraction is smaller 8) . However, as far as the indications for mandibular distraction are concerned, it is necessary to ascertain the effects of bone lengthening on the surrounding tissue 6, 9) , the direction and design of lengthening screws 21) , and prevalence of infections from lengthening devices. Furthermore, another operation is needed to remove the devices. Hence, various studies are presently being conducted. In particular, studies conducted on clinical cases and bone lengthening mechanisms have been relatively numerous, and the effects of lengthening on the TMJ have been investigated clinically 18) . However, in terms of the biomechanics of mandibular distraction, few studies have been published on the following topics: mechanical analysis of fixation devices; establishment of fixation methods and lengthening direction; and mechanical analysis of bone remodeling or the TMJ in the area of lengthening. In particular, there have not been many 3-dimensional biomechanical studies 2, 19) , and the effects of mandibular distraction on the mandible and the surrounding tissue remain to be clarified. Here, we investigated the effects of bone lengthening on the mandible and mandibular condyle.
Simulation results
With horizontal loading that simulated mandibular body distraction, both tensile and compressive stresses were strong near the anterior region of the mandibular angle (the loading area) and weakened with distance from the loading area. Moreover, on the non-loading side, tensile stress was seen on the internal surface of the mandible and compressive stress was seen on the external surface, resulting in lateral deformation of the mandible. Therefore, the left side of the mandibular body (the loading area) was stretched, and the center of the mandible subsequently deviated towards the non-lengthening side, resulting in widening of the mandible in the lateral direction.
With vertical loading that simulated mandibular ramus lengthening, tensile and compressive stresses were great at the center of the mandibular ramus (the loading area) the mandible, tensile stress was seen in the upper internal surface and compressive stress was seen on the lower external surface, resulting in a bending deformation-like appearance in the inferior direction with mandibular widening. These findings suggest that the loading area (the left mandibular ramus) was stretched, and that the occlusal plane was tilted in ramus was the inferior direction on the lengthening side. No marked difference in the maximum the lengthened side. No marked difference in the maximum principal stress applied to the mandible was apparent, and no marked difference in stress concentration was observed between the two loading techniques. Sumiyoshi 30) investigated differences in flexure in relation to length of lengthening pins in mandibular distraction and reported that longer pins were more advantageous. In the present study, fixation pins were not investigated, but deformation due to stress placed on the mandible caused by distraction was seen 27) . Moreover, Samcbukov et al. 28) investigated fixation and distraction directions in two dimensions and suggested the importance of osteotomy of the mandibular ramus due to rotation force applied to the mandibular condyle. The present study also confirmed stress in the mandibular condyle.
In fact, when performing bone lengthening, cortical bone is generally eliminated for fixation, but in the mandible, because of its rich blood flow, an attempt is made to conserve the bone marrow without rupturing the mandibular canal. In order to mobilize the bone fragment, the bone is fractured artificially (greenstick fracture) 17) . In such cases, stress distribution to the loading area decreases, thus possibly increasing stress concentration to another area.
In this study, in terms of stress on the joint, with mandibular body lengthening, tensile stress was seen in the anteromedial direction for both the loading and non-loading sides, but stress was greater for the loading side. In fact, there have been some reports of patients complaining of pain in the temporal muscle or the TMJ several days after bone distraction 3, 18) . However, when compared to surgical procedures, because stress to the joint is more gradual, such pain should be milder 1) . Sumiyoshi 30) conducted a study using a 3-dimensional FE model with multi-layer construction in the sagittal plane and reported potential risks such as articular disk displacement, because horizontal lengthening causes stress concentration in the anterior direction of the mandibular condyle, while vertical lengthening causes stress concentration in the posterior direction. The present study also showed that mandibular body lengthening caused the mandibular condyle to tilt backward, while mandibular ramus lengthening caused the condyle to tilt forward. In other words, with mandibular body lengthening, because stress is applied to the anterior region of the mandibular condyle, the condyle is tilted backward, but with mandibular ramus lengthening, because stress is applied in the posterior direction, the condyle is tilted forward.
The influence of distraction osteogenesis on the TMJ has been reported in animal experiments using dogs and sheep 10, 15, 24, 26) . Thurmuller, using a minipig, reported that changes were more severe at faster distraction rates (4 mm/day) and tended to resolve during neutral fixation when a rate of 1 mm/day was used 29) .
Because bone lengthening is thought to affect the mandibular condyle, it will be necessary to minimize the degree of single lengthening to avoid causing rapid mechanical changes to the TMJ. In recent years, an attempt has been made to minimize the effects on the joint by performing intermaxillary fixation postoperatively by floating the joint on the affected side and inserting the screws while it is in this position 32) . However, issues such as final joint position remain to be resolved. In the future, in order to further minimize joint stress, it will be necessary to develop screws with which loading can be adjusted in both horizontal and vertical directions in response to 3-dimensional deformation.
Conclusions
With mandibular body lengthening, the mandibular body on the lengthened side was stretched and, as a result, the center of the mandible deviated in the direction of the non-lengthened side, thus widening the mandible in the lateral direction. Moreover, with mandibular ramus lengthening, the mandibular ramus was stretched, and while the mandible was widened, bending deformation in the inferior direction occurred, thus causing the occlusal plane to tilt in the inferior direction on the lengthened side.
In this study, mandibular body lengthening applied stress to the anterior region of the mandibular condyle, and the condyle tilted backward. On the other hand, mandibular ramus lengthening applied stress to the posterior region of the mandibular condyle, and the condyle tilted forward. This stress was strong on the loading side with mandibular ramus lengthening. These findings suggest the need to monitor the mandibular condyle on the affected side when performing mandibular ramus lengthening.
